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Abstract: We report a method and system of micro-motion imaging (µMI) to realize non-contact
measurement of neck pulses. The system employs a 16-bit camera to acquire videos of the
neck skin, containing reflectance variation caused by the neck pulses. Regional amplitudes and
phases of pulse-induced reflection variation are then obtained by applying a lock-in amplification
algorithm to the acquired videos. Composite masks are then generated using the raw frame,
amplitude and phase maps, which are then used to guide the extraction of carotid pulse (CP) and
jugular vein pulse (JVP) waveforms. Experimental results sufficiently demonstrate the feasibility
of our method to extract CP and JVP waves. Compared with conventional methods, the proposed
strategy works in a non-contact, non-invasive and self-guidance manner without a need for
manual identification to operate, which is important for patient compliance and measurement
objectivity. Considering the close relationship between neck pulses and cardiovascular diseases,
for example, CA stenosis, the proposed µMI system and method may be useful in the development
of early screening tools for potential cardiovascular diseases.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cardiovascular diseases lead to millions of deaths worldwide each year, giving rise to a heavy
social burden due to its high morbidity and mortality [1,2]. Numerous methods, such as computed
tomography angiography and cardiovascular magnetic resonance imaging, have been developed
in response to fighting cardiovascular diseases, aiming for diagnosis, monitoring and treatment
management [3–6]. However, let alone their high cost, these devices require special and dedicated
expertise to properly operate, which somehow prevents them from being accessible by the
public and even nonprofessionals. Currently, the lack of accessible diagnostic and monitoring
tools is largely responsible for the slow development of possible effective screening methods
for this disease. To meet this challenge, researchers have made good attempts to develop
camera-enabled skin imaging methods, including thermal imaging [7–9], autofluorescence
imaging [10,11], hemodynamics imaging [12–14] and laser speckle imaging methods [15,16] to
assess the cardiovascular functions. However, the derived signals from the body-skin surface in
these methods are highly dependent on cutaneous tissue structures, capillary beds, and pigment
features, which can affect their accuracy to predict dysfunctions in large blood vessels and hearts.
Therefore, there is a demand to develop more cost-effective techniques that can directly reflect
the health status of the cardiovascular system.

Following the contraction and relaxation of each heart cycle, a pressure wave would be
generated that propagates through the body via blood vessels. When it passes across the carotid
artery (CA) and the jugular vein (JV), it causes the blood flow volume in them to show pulsatile
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variations, producing carotid pulse (CP) and JV pulse (JVP) waves [17,18]. A CP waveform
usually consists of a forward wave and a reflective wave, whereas a typical JVP waveform shows
three positive deflections, “a”, “c” and “v” waves, and two descents, “x” and “y” waves [19,20].
These sub-waves are closely related to cardiac cycle and blood flow conditions, thus may be
leveraged for clinical use in the monitoring and even prediction of cardiac and cardiovascular
abnormalities [21–23]. As a result, accurate measurements of CP and JVP waveforms would be
of clinical interest in both the assessment and the screening of cardiovascular diseases.

In response to this clinical interest, researchers have attempted a number of methods to
assess the CP and JVP waveform, including both invasive and non-invasive strategies. For
example, central venous catheterization is used to measure JVP waveform by inserting a catheter
into JVs [24]. This invasive method is currently the gold standard in clinics but requires
surgical expertise and often causes pain to patients. Doppler ultrasound imaging is another
commonly used tool for the measurement of pulse waves from the CA and JV [25,26]. However,
Doppler ultrasound imaging requires both expensive devices and well-trained operators. Recently,
photoplethysmography (PPG) technique has been applied to provide pulse waveform by placing
an optical sensor on the skin regions of interest (ROI), overlaying the underneath arteries or veins
[27–30]. The blood pulsation in these large vessels gives rise to variations of light absorption,
thus can be detected by an optical sensor. Nevertheless, a typical PPG device works in a contact
mode. In addition to the possible discomfort to patients, it requires accurate positioning to guide
the extraction of pulse waveform from the measurements. This guidance is usually provided by
additional technique and hardware, unavoidably increasing the complexity in measurements [31].

In this paper, we propose a camera-based micro-motion imaging (µMI) method to image
regional motions of neck skin to enable a non-contact measurement of CP and JVP waves. Blood
pulsation in large vessels introduces periodical pressures to the surrounding tissue. Due to
relatively stronger pulses and more superficial positions of common CA and JV, the pressure
waves generated by the CP and JVP pulsation located within the neck skin tissue beds can
propagate to the skin surface, leading to relatively larger surface motion at the regions overlying
these vessels than other regions. In our method, we record videos of the light reflectance from
the skin surface located at the neck region to capture the tissue micro-motions, upon which to
extract their blood-pulsation-related components with lock-in amplification algorithm. Since the
blood pulsations in arteries and veins vary in phases and amplitudes (strengths), the generated
tissue motions are assumed to show regional diversity as well. To mitigate this complication, we
create composite masks by combining the raw signal strength with amplitude and phase signals
together. The waveforms of CP and JVP are then regionally extracted under the guidance of
these masks for more accurate assessments. Our study presents the µMI approach for capturing
tissue motions in the CA and JV at the neck region. Unlike previous techniques, µMI directly
accesses CA and JV information, simplifying cardiovascular function assessment. By utilizing
a composite mask, our approach automatically identifies regions of interests that represent CP
and JVP. Importantly, µMI eliminates the need for manual identification of pulsation regions,
minimizing the subjectiveness in measurements.

2. Methods and materials

2.1. Experimental setup

The schematic setup of the proposed µMI system is illustrated in Fig. 1(a), where the neck skin
was illuminated by a ring LED white light and then imaged by a 16-bit-depth camera (Chronos
1.4, Kron Technologies Inc. Canada). The spectral power density of the ring LED light source is
shown in Fig. 1(b). The relative spectral sensitivities of the R, G and B channels in the camera
are shown in Fig. 1(c). The ring LED provided uniform illumination in the field of view, where
the values of U1 and U2 (the metrics used to assess irradiance uniformity [31]) were measured
to be 0.99 and 0.96, respectively. The reason for the selection of a 16-bit-depth camera in the
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setup was to ensure that the camera sensor can record pulsatile signals with higher fidelity. This
is important because the motion induced reflectance change only represents a small fraction of
the background reflectance. The change of reflection caused by neck pulsatile motions, mixed
with signals from respiration motion, global motion and blood absorption signals, are recorded
together in videos for further processing.

Fig. 1. (a) Photograph of µMI system setup. (b) Spectral power density of the white ring
LED light source used for illumination. (c) Relative spectral sensitivities of R, G and B
channels in the camera. (d) Ultrasound and (e) color Doppler ultrasound imaging of the
left-side carotid artery (CA) and jugular vein (JV). A recorded video of color Doppler
ultrasound imaging is provided in the supplementary material for the confirmation of
the blood pulsations in CA and JV [see Visualization 1]. (f-j) Schematic of processing
with lock-in amplification algorithm: (f) Video of neck skin after motion correction. (g)
Reference function. (h) Amplitude map of heart-cycle-related micro-motion. (i) Phase map
of heart-cycle-related micro-motion.

2.2. Video acquisition

Healthy volunteers were enrolled in this study to investigate the performance of the µMI method.
This study adhered to tenets of the Declaration of Helsinki and was performed in accordance
with the Health Insurance Portability and Accountability Act. Ethical approval was obtained
from the Institutional Review Board of the University of Washington. Informed consent was
obtained from the subject prior to the start of each study session.

Before imaging, the volunteer was asked to sit in a chair for five minutes to stabilize the heart
cycle. Then, the volunteer was asked to place his/her jaw on the chin rest to expose neck skin
for video recording. During camera imaging, precautions were taken to ensure stability and
minimize motion artifacts. Subjects were instructed to avoid large body movements, deep breaths,
and swallowing, in order to record a stable video. The video recording lasted for 10 seconds at
100 frames per second. The pixel resolution of each frame was set to be 640× 512.

https://doi.org/10.6084/m9.figshare.23786259
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To confirm the pulsatile blood flow in both CA and JV at this sitting position, we used a
clinical Doppler ultrasound machine (EUB-8500, Hitachi Medical Co.) to image dynamic blood
flow information. Figure 1(d) shows the ultrasound anatomy of the left-side neck at this position.
The corresponding color Doppler ultrasound image (Fig. 1(e)) confirms that 1) the pulsatile
blood flow exists not only in the carotid artery, but also in the jugular vein; and 2) the blood flow
direction in the CA is opposite to that in JV, which is expected.

2.3. Calculation of amplitude and phase map

As stated earlier, the recorded video contains signals caused by various motions and optical
property of the skin tissue beds of interest, including blood absorption. To extract neck pulse
waveform, we need to purify the video signals by filtering out other signal components to retain
the pulse-enabled micro-motions. For this purpose, we first applied a subpixel registration
algorithm to correct global motions caused by the instability of the system. Considering that
pulse-induced micro-motions only exist in localized skin regions, it is important to guide the
selection of target regions for accurate extraction of the neck pulse waveform. For doing so, we
applied a lock-in amplification algorithm to calculate the pulsation maps from the video signals.
The details of the algorithm can be found in a previous study [31]. Briefly, we first extracted
pulsatile signals from the video sequence (Fig. 1(f)) by filtering out other motion components to
only retain the signals with heartbeat frequencies. The resulting signal (Fig. 1(g)) was used as a
reference function to extract and amplify the localized pulsatile signal with the same frequency
component as in the reference function at each voxel of the video. This processing procedure
resulted in amplitude and phase maps, shown in Figs. 1(h) and (i), respectively. Note that these
maps also include signals from blood absorption, which fluctuates at heart rate frequencies as
well, thus cannot be eliminated. However, in the next part, we demonstrated that by comparing
with the motion-induced signal pulsation, the absorption-induced pulsation is much weaker, thus
may be neglected from the results.

2.4. Complexity of pulses in neck skin

The motion within the neck skin reflects multiple types of pulsations, including CP, JVP, respiration
and blood pulsation in capillaries, complicating the extraction of CP and JVP waveforms. To
show the complication, we selected different regions of the neck skin and extracted their pulse
waveforms from the video (Fig. 2). Figure 2(a) shows the regions of interest, including two linear
horizontal profiles located at the jaw and neck regions, and seven sampling positions in the neck
area. The position selection is illustrated below.

It is reasonable to assume that at the skin tissue beds located under the jaw, the profile would
be dominated by the blood absorption because of the lack of large blood vessels in the region.
However, at the neck skin region, the profile would be modulated by the motion-induced pulsation
due to the existence of the CV and JVP directly beneath the skin tissue beds. Figure 2(b)
compares the temporal-spatial fluctuation amplitude maps of the linear profiles at the jaw and
neck skin regions, respectively, where they show that the fluctuation amplitudes at the jaw skin
region are much weaker than those at the neck skin region, suggesting that blood pulsation due to
absorption may be negligible when extracting micro motion pulses. Besides, the temporal-spatial
amplitude map of neck skin shows distinct periodic types of fluctuations, with varied frequencies
at different spatial positions. To investigate this further, we extracted the temporal signals at the
positions with observable periodic signals (7 positions as shown in Fig. 2(a)).

According to anatomy, we expect that JVP and CP waveforms would dominate the neck region.
However, the extracted waveforms from sampling positions (Fig. 2(c)) show higher complexity.
Specifically, the waveform of the position 4 exhibits a lower frequency (∼0.47 Hz) than the heart
rate (∼1.20 Hz), while at the positions 1 and 7 there appear weaker pulsation amplitudes and
more indistinguishable pulse waveforms than what we would expect from CP and JVP.
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Fig. 2. Illustration of potential challenges in extracting pulse signals from video of neck
skin. (a) The locations of two linear pixel profiles in the jaw and neck areas, respectively, as
well as seven sampling positions in the neck area. The sampling positions were positioned
according to the pulsation amplitude types in (b). (b) Temporal-spatial fluctuation maps
obtained at the linear spatial profiles located at the jaw (top line in (a)) and neck regions
(bottom line in (a)), respectively. (c) The detrended pulse waves extracted from the seven
positions labeled in (a) and (b). (d) The typical CP and JVP waveforms, with labels “a, c, v,
x, y, s, d” as described in the accompanying text.

Theoretically, CP and JVP pulses contain some typical features that can be used to estimate
cardiovascular functions [30]. As shown in Fig. 2(d), the typical CP waveform includes a systolic
part “s”, which mainly arises from a forward pressure wave, and a diastolic component “d”, which
arises from reflected pressure waves in the common CA. The JVP waveform includes similar
components like positive “a”, “c”, “v” waves that respectively arise from atrial contraction,
ventricular contraction and atrial venous filling, and negative “x”, “y” waves from atrial relaxation
and ventricular filling, respectively. Furthermore, the CP and JVP waves propagate in opposite
directions, i.e. they are in the reversed phase. However, the features of the JVP and CP waveform
were not observed in the waveforms at some positions. These results indicate that there are
diverse pulse waveforms in the neck skin, thus, guidance is necessary in order to extract the neck
pulse waveforms of interest.

2.5. Generation of composite masks

From the motion amplitude map in Fig. 1(h), there appear four distinct linear regions with high
motion amplitudes (roughly appearing in the middle of the image), located at the two sides of the
neck. With reference to anatomy, we reasoned these signals (from left to right) should be caused
by pulses from right JV, right CA, left CA and left JV, respectively. As shown in the phase map
in Fig. 1(i), the two regions covering arteries appear to have a delayed phase, whereas the other
two regions covering veins appear to have a leading phase. This indicates that pulsations between
CP and JVP waves are in an opposite phase relationship. To extract the pulsatile waveform
more accurately, we decided to utilize these features to create composite masks as the guidance
for pulse extraction. In the specific operation, the composite mask was generated by a product
between three independent masks, including the skin mask, amplitude mask and phase mask.
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2.6. Skin mask

To exclude non-skin regions, we first created a binary mask, Mskin, from the green channel in raw
image by setting a fixed threshold of 20% full-well capacity of the camera (Fig. 3(a)). However,
exceptions may exist, like light colored clothes and decorative wearables that the subject wears.
In this case, some precautions should be taken to eliminate these exceptions to produce a correct
mask.

Fig. 3. Generation of composite masks to guide the extraction of the CP and CVP waveforms.
(a) Generation of the skin mask from the green channel of RGB frames. Binary mask was
created by setting up an intensity threshold of 20% full-well capacity of the camera to
exclude background signals. (b) Generation of amplitude masks. A binary mask was first
generated by thresholding the image at 50% maximum value. Two separate masks were then
produced to represent regions of the left and right neck by splitting the binary mask with a
reference to Adam’s apple. (c) Generation of the phase masks, where two binary masks were
produced by simply selecting the pixels with positive and negative phase values, respectively.
(d) Generation of the composite masks. Four composite masks were created by performing
the dot products of skin, amplitude and phase mask masks as described in Section 2.5. (e)
Extraction of the neck pulse by applying composite masks to skin videos and calculating the
temporal variation of the average value of masked regions in each frame. (f) Evaluation of
the contribution of each mask to the composite mask. The masks for four target regions
were generated by removing each skin, amplitude, and phase masks, respectively.

2.7. Amplitude mask

Since strong pulsatile blood flow exists in JV and CA, the induced pressure would cause stronger
periodical motion on target regions than the surrounding skin regions. To select these targeted
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regions, we calculated binary amplitude masks, Mamp, from the amplitude map by simply
selecting the pixels with motion amplitude values higher than the default threshold (half the
maximum value within the skin mask region). Figure 3(b) shows four distinct linear regions
were kept within the mask. To separate signals between the left and right sides of the neck, two
independent unilateral masks, ML and MR, were produced simply by splitting the mask into two
halves with a reference to Adam’s apple.

2.8. Phase mask

As we stated above, blood flows in JV and CA should be approximately in reversed phases.
Therefore, by selecting the pixels with negative and positive phase values, we created two binary
masks for JVP and CP, respectively (Fig. 3(c)). We refer these two masks to Mneg and Mpos,
respectively.

2.9. Composite mask

Finally, the composite masks were generated by a product operation among the three masks
produced above to identify the regions that represent the right JVP, right CP, left JVP and left CP,
respectively:

Mright JVP = Mskin ⊗ Mamp ⊗ MR ⊗ Mneg

Mright CP = Mskin ⊗ Mamp ⊗ MR ⊗ Mpos

MLeft CP = Mskin ⊗ Mamp ⊗ ML ⊗ Mneg

MLeft JVP = Mskin ⊗ Mamp ⊗ ML ⊗ Mpos

where ⊗ denotes dot product. This product operation enables the exclusion of non-skin background
regions, non-CA/JV skin regions, and edges from the images, as shown in Fig. 3(d). Additionally,
the CA and JV regions on both sides of the neck skin can be separated.

Finally, the pulse waveforms from the CA and JVP are obtained by multiplying these masks
with the time series of frames in videos. With these steps, the resulting pulse waveforms for the
right JVP, right CA, left CA and left JVP are shown in Fig. 3(e), respectively.

To assess the contribution of each mask in the final composite mask, we conducted an ablation
experiment by removing each one of the masks individually in the whole processing. Figure 3(f)
illustrates the resulting masks of four regions when excluding the skin, amplitude, and phase
masks, respectively. Firstly, without the skin mask, we can observe that some background noise
would present in the resulting masks. This indicates that skin masks play a crucial role in
removing unwanted signals and noise from the measurement. When the amplitude mask was
removed, we can see that not only the CP and JVP regions but also other skin regions would
result, leading to the unexpected inclusion of blood absorption and respiration signals, which
may distort the accuracy of the extracted waveforms. Furthermore, when the phase masks were
excluded from the composite mask, the generated result displays two regions, indicating that
the CP and JVP regions have not been properly separated, resulting in a mixture of CP and JVP
waveforms. This lack of separation can significantly affect the reliability and interpretability of
the extracted waveforms. Overall, the ablation experiment highlights the importance of including
all the components, i.e., the skin, amplitude, and phase masks, in the composite mask to ensure
accurate and reliable extraction of CP and JVP waveforms.

3. Results

Nine volunteers (age= 29.2± 2.5 years old, five males and four females) were recruited and
imaged and we show three of them as examples in Fig. 4. The CP and JVP waveforms from each
subject (plots shown in the right part of the Fig. 4) were extracted from the videos under the
guidance of composite masks. In doing so, we recorded the videos for 10s from which CP and
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JVP waveforms were extracted according to the procedures described above. Although the pulse
waveforms of different subjects may display varying shapes, the right and left carotid pulses
demonstrate distinct systolic peaks and dicrotic notches. Additionally, the majority of jugular
venous pressure (JVP) curves exhibit the aforementioned characteristic three positive and two
negative waves. These extracted waveforms and features provide visual evidence for the potential
of our measurements to be applied on different individuals.

Fig. 4. Extraction of JVP and CP waveform from three example subjects. In these three
cases: amplitude maps show four distinct linear regions with high motion amplitudes are
located at the two sides of necks, indicating clear leading and delay phases; extracted CP
waves consists of systolic peaks and dicrotic notches; most JVP waveform contain positive
“a”, “c”, “v” and negative “x”, “y” waves. Photos on the left are shown for reference and
represent one frame in the recorded video by the camera.

To evaluate the accuracy of the measurements in estimating the JVP and CP waveforms, we
conducted a comparison between the measurements and a standard waveform obtained from
a previous study [28], as illustrated in Fig. 5(a). The standard waveform was obtained using
contact photoplethysmography with the assistance of infrared imaging. Figure 5(b) presents
the calculated centroids of the standard CP and JVP waveforms. In Fig. 5(c), we computed the
centroid of the extracted pulse waveforms and compared them with the standard data. Each mask
region included nine subjects, with ten pulse periods measured for each subject. To account for
individual differences, such as heart rate, we compared the extracted waveforms within cardiac
cycles rather than using absolute timing. The results reveal that the centroid measured from region
cmask_2 (right CP region) and cmask_3 (left CP region) closely matches the position of the
standard CP centroid, while the centroid measured from region cmask_1 (right JVP region) and
cmask_4 (left JVP region) aligns with the position of the standard JVP centroid. This observation
indicates that our method can successfully extract pulse waveforms with distinct morphological
features. Figure 5(d) presents the quantification of correlation coefficients between the standard
and extracted pulse waveforms. The results were summarized from nine subjects. Our findings
indicate that pulse waveforms extracted from regions cmask_1 and cmask_4 of the composite
mask display moderate correlations (0.66 and 0.68, respectively, p< 0.001) with CP waveforms,
while those from regions cmask_2 and cmask_3 demonstrate higher correlations (0.76 and 0.73,
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respectively, p< 0.001) with JVP waveforms. This suggests that the measurements reasonably
represent the CP and JVP waveforms. Additionally, we investigated the phase relationship
between the extracted JVP and CP waveforms. We calculated the phase differences between CP
and JVP on the right side (regions cmask_2 and cmask_1) and left side (regions cmask_3 and
cmask_4) for each subject, which are given in Fig. 5(e). The graph shows that the extracted JVP
and CP waveforms exhibit a relative reversed phase for each subject.

Fig. 5. Evaluation of extracted pulse waveforms. (a) Standard JVP and CP waveforms
from previous study. (b) Calculation of centroids of standard CP and JVP waveforms. The
centroids of the standard CP and JVP waveforms are calculated and labeled with a purple
cross. (c) Comparison of centroids between extracted and standard pulse waveforms: The
centroids of various extracted pulse waveforms are compared with the standard waveforms.
The positions of the extracted pulse waveforms are labeled with circles in four different
colors, corresponding to four original mask regions. Centroids were extracted from 90 pulse
periods of nine subjects for each region. (d) Correlation coefficients between standard and
extracted pulse waveforms. The correlation coefficients between the standard waveforms
and the pulse waveforms extracted from composite mask regions (cmask_1 to cmask_4: the
left to right regions in Fig. 3(d)) are calculated. The pulse waveforms were calculated for
all nine subjects. (e) Phase difference between extracted JVP and CP. The phase difference
between the extracted JVP and CP waveforms is measured in both the left and right sides.
The phase difference between pulse waveforms extracted from composite mask regions 3 and
4 is denoted as PD (3, 4), whereas the phase difference between pulse waveforms extracted
from composite mask regions 2 and 1 is denoted as PD (2, 1).

4. Discussions

We described a µMI method to provide non-contact measurements of CP and JVP waves.
Experimental results demonstrated the feasibility of this method to directly acquire, differentiate
and analyze pulse waves in a non-contact and non-invasive manner. More importantly, the
proposed approach is highly self-efficient in data acquisition and processing, which can be
independently operated without needed additional support. For example, the amplitude and phase
maps are self-derived from the video. In addition, CP and JVP waveforms are extracted from
the recorded videos under the guidance of self-derived phase maps. Therefore, with a simple
device setup without a need for an expert to operate, this technique is more easily accessible by
the public in their daily lives. This attribute would be extremely useful in the development of
methods (either diagnostic or predictive) to prevent and/or early screen cardiovascular diseases,
especially carotid stenosis.

In a previous study, we developed a smartphone-enabled imaging PPG (iPPG) system to
measure blood pulsation of the circulating blood volume within the light interrogated skin tissue
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beds [32,33]. Similar to the purpose in the current study, this prior study also acquired signals
from skin reflections and extracted regional pulsations. Several studies have employed various
post-processing algorithms to refine pulse signals obtained from webcams or consumer cameras
[34–39]. However, these prior techniques primarily focused on detecting blood pulsation through
light absorption variation in tissue beds. In contrast, our µMI approach was specifically developed
to capture tissue motions due to the pulsation in CA and JV at the neck region. As illustrated in
Fig. 2, motion-induced signals exhibit significantly stronger pulsation amplitudes. Importantly,
unlike previous iPPG studies that measured signals from distal capillary beds, µMI enables direct
access to CA and JV information, facilitating a more straightforward assessment of cardiovascular
functions. Some other studies have made adjustments to access signals from larger blood vessels,
such as employing near-infrared light sources to enhance penetration depth [40,41]. However,
these modifications often require higher investment for developing the technique. While our study
aligns with the underlying principles of previous works by Yong et al. [42], HajiRassouliha et al.
[43], and Douplik et al. [44,45] where motion-modulated reflection images were used to extract
pressure pulse signals, we have developed an improved strategy to implement the methodology.
Notably, compared with HajiRassouliha’s and Yong’s methods, the proposed strategy provides
self-guidance to automatically identify the JVP and CP regions. Compared to Douplik’s approach,
our method eliminates the need for manual identification of pulsation regions, thereby simplifying
the procedure and minimizing the subjectiveness in the measurements. Furthermore, by utilizing
a composite mask that integrates intensity and phase information, our approach enables more
accurate identification of blood vessels. This proposed methodology not only facilitates signal
extraction from carotid arteries and jugular veins using neck skin but also provides criteria for
distinguishing between different types of blood vessels, potentially improving the accuracy and
reliability of the analysis. Contact PPG approaches can also be devised to directly measure the
heart pulse waveform. However, as we presented above, JVs and common CA are closely located,
which can easily cause inaccurate positioning of the sensor probe, leading to a severe distortion
of waveform. An alternative would be to position the sensor probe under the guidance of other
techniques, which would cause additional complexity and operation costs. Compared with these
techniques, our µMI system and method provide more direct and accurate assessments with better
usability.

To demonstrate the feasibility of our method in measuring JVP and CP waveforms, we
conducted a correlation analysis between our measurements and standard pulse waveforms
obtained through contact PPG. The correlation coefficient serves as an indicator of the similarity
between the measured pulse waveform and the standard. However, several factors can limit
the correlation between the two measurements. Firstly, JVP and CP waveforms exhibit high
individual variability due to various psychological and health factors, which could underscore
their diagnostic potential. Secondly, the differences in measurements likely contribute to the
degradation of correlation that we observed in this study. Here, our µMI system used a contactless
mode to capture mechanical tissue movements, whereas the standard waveforms were derived
from absorption changes through contact measurement. Consequently, the correlation tends
to remain moderate to high, rather than approaching higher levels. One way to address this
limitation is to conduct an optimized correlation analysis between two measurements from the
same individual. Another approach could involve training a deep learning model to facilitate
waveform reconstruction between the two modalities, potentially leading to closer resemblance
to contact PPG waveforms.

There are some limitations when using µMI to measure and analyze the CP and JVP waveform
from the neck region. Even though a 16-bit camera was employed in our current development, low
light-tissue interaction efficiency and uncontrolled relative motions between the system and skin
may impose a practical challenge in the data acquisition to guarantee the signal with sufficient
signal quality. Besides, as a proof-of-concept study, we imaged and analyzed a relatively small
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sample set, the participants recruited in this study also lack diversity in age and health conditions.
It is likely that the performance of this proposed method will be challenged when imaging patients
with real cardiovascular diseases in clinical settings. In future, we will keep working on the
post-processing method to improve the signal quality of acquired pulse waveform. Meanwhile,
we will apply the proposed system and method in clinical imaging for further refinements and
optimizations.

5. Conclusions

We have reported an µMI system and method to measure neck pulse waves from the micro-
motions in the neck skin. A 16-bit camera was equipped in the system to record pulsatile
motions with high fidelity. Lock-in amplification algorithm was used to derive the amplitude and
phase of heart-cycle-related pulsatile motions to generate composite masks. Guided by these
masks, we extracted CP and JVP waveform from the acquired skin videos. While the method
and proposed strategy require further refinement in order to achieve robust measurements of
CP and CVP waveforms in live subjects, the preliminary experimental results presented here
does demonstrate that our method is feasible to extract CP and JVP waveforms in a non-contact
manner. Furthermore, since the measurement can be realized by simply recording a video of
neck skin, it is easy to use without a need of an expert to operate, which can be accessed by the
general public as an early screening tool for potential cardiovascular diseases.
Disclosures. The authors declare no conflict of interest at the current stage of development.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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